Introduction: Study of the non-linear behavior of trabecular bone at habitual "small" strains (<0.4% strain [1] ) is vital for further investigation of the cellular response to mechanical loading of bone tissue, in vivo energy dissipation mechanisms, implant interface mechanics, and biomechanical constitutive modeling. Perceptions of the initial non-linearity in the stressstrain curve have shifted as testing protocols have changed. Traditional platens methods produced curves with an initial concave toe that is recognized as an end-artifact [2] . Recent protocols designed to eliminate this artifact have reported an initial linear region [3, 4] , but upon closer investigation we have noticed that even at strains below 0.4%, trabecular bone exhibits a subtle but highly significant convex non-linearity [5] . Consequently, the value of the elastic modulus may depend on the strain range chosen for the linear fit, and if an offset method is used to define the yield point [3, 6] , so may values of yield stress and strain. This can confound comparisons of these properties between bone from different anatomic sites or of different densities and may obscure subtle effects of diseases such as osteoporosis. More importantly, the nonlinearity, should it be substantial, may motivate a fundamental paradigm shift in the characterization of the stress-strain curve for trabecular bone.
The goal of this study was to characterize this initial non-linear behavior of trabecular bone from a variety of anatomic sites. Our specific objectives were to: 1) quantify the extent of the non-linearity in bone from a range of anatomic sites for both tension and compression; and 2) determine how changing the strain range used to define modulus affects the values of modulus and yield properties. From this, a more robust protocol is introduced for characterizing the non-linear elastic stress-strain behavior. Methods: On-axis specimens from the human vertebra (n=61), proximal tibia (n=31), femoral trochanter (n=23), femoral neck (n=13), and bovine proximal tibia (n=28) were tested in either tension or compression following protocols designed to minimize end artifacts [3] . To quantify the initial non-linearity, tangent moduli at 0.2% and 0.4% strain were calculated as the slope of a linear least squares fit over a range of 0.1% strain. The initial modulus, Eo, was the tangent modulus centered at 0.05% strain, and the change in modulus was calculated as ∆E = 1-E/Eo, where E is the tangent modulus at the current strain. Effects of loading mode and anatomic site were determined from a two-factor analysis of variance and Tukey post-hoc test. Values of initial modulus, and the corresponding yield stress and strain, were compared via paired t-tests with values previously published (that used different strain ranges to define modulus) for the human vertebra (0.02-0.24% strain) [7] and bovine tibia (0.1-0.4% strain) [8] . Results: Substantial non-linearity in the stress-strain curves was found for all anatomic sites in both tension and compression, and the extent of non-linearity depended on both site and loading mode (both p<0.001) (Figure 1 ). Mean changes in modulus were as great as 16.6% at 0.2% strain and 40.2% at 0.4% strain. Modulus, yield stress, and yield strain were highly sensitive to the strain range used in the definition of elastic modulus (Figure 2 ). For the bovine tibial bone in compression, the mean modulus differed by 13.5%, yield stress by 6.6%, and yield strain by 14.1% (all p<0.001). For the vertebra in compression, the differences were 4.8, 2.6, and 5.1%, respectively (all p<0.001). Magnitudes of the differences in tension were similar for each site. Strain measurements from an extensometer attached directly to the surface of a subset of specimens from each site verified that slippage at the bone-endcap interface did not occur. Discussion: These results establish that trabecular bone exhibits non-linear stress-strain behavior at strains below 0.4%, and that this effect can be nontrivial. Our findings are consistent with the non-linearity of cortical bone tissue at small strains [9] and with the strength asymmetry of trabecular bone [10] . The reported damage thresholds of 0.25% strain in tension and 0.40% in compression for cortical tissue [11] together with our results suggest that damage accumulation may be partly responsible for the early non-linearity in trabecular bone. However, it may also be caused by non-linear viscoelasticity [12] or large deformations of the trabeculae [4] . Thus, additional experiments are needed to determine the relative roles of damage, viscoelasticity, and nonlinear elasticity. These last two characteristics are often not incorporated in finite element models of trabecular bone, yet in light of these results, they may prove essential in the study of elastic energy absorption and deformation mechanisms at both tissue and apparent levels.
From a materials characterization perspective, the significant nonlinearity indicates that linear fits to the elastic portion of the stress-strain curve to obtain the modulus, while still appropriate for some applications, may not be suitable for inter-site comparisons and in the investigation of subtle shortterm effects of disease and drug therapies on bone mechanical behavior. For such studies, use of the linear model can introduce errors in both modulus and yield properties that may obscure effects of the treatments under investigation. We suggest, therefore, that the initial modulus be defined as the slope at zero strain of a second order polynomial fit. The curvature may be used as an additional parameter for complete characterization. Using the stress-strain curves from this experiment, we found that the modulus obtained in this manner is relatively insensitive to both the amount of the curve used for the fit and to the order of the polynomial. 
